P eople with type 2 diabetes (T2D) experience a high rate of major adverse cardiovascular events (MACEs), which substantially contribute to morbidity and mortality (1) . For this reason, glucose-lowering medications (GLMs) that, in addition to improving glucose control, also reduce the risk of MACEs are particularly attractive for the treatment of T2D (2) . Sodium glucose cotransporter 2 inhibitors (SGLT2is) induce glycosuria, thereby reducing plasma glucose, blood pressure, and body weight (3) . In the last few years, studies have shown that SGLT2is improve cardiovascular outcomes in T2D. In the EMPA-REG Outcome trial (4) , 7020 patients with T2D and additional cardiovascular risk factors or established cardiovascular disease were randomized to receive the SGLT2i empagliflozin or placebo. Empagliflozin reduced the occurrence of the 3-point MACE (composite of cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke) by 14%, with a concomitant reduction in cardiovascular and all-cause mortality, and a 35% decrease in the rate of hospitalization for heart failure (HF). In the CANVAS trial program (5), 10,142 patients with T2D and high cardiovascular risk were randomized to receive the SGLT2i canagliflozin or placebo. Canagliflozin reduced the occurrence of the 3-point MACE by 14% and hospitalization for HF by 33%, although with a twofold increase in the risk of lower-limb amputations. Although the cardiovascular outcome trial on dapagliflozin is still ongoing (6) , a large retrospective study reported that SGLT2is as a class, when compared with other GLMs, reduced the risk of MACEs, mortality, and HF (7) (8) (9) , with consistent results among dapagliflozin, empagliflozin, and canagliflozin.
The mechanisms whereby SGLT2is exert such striking cardiovascular protective effects are largely unknown. Several, rather complicated, explanations have been hypothesized (10, 11) , but each has been criticized (12) or dismantled (13) . Because cardiovascular protection by SGLT2is is mostly evident for HF, the diuretic effect remains a solid explanation (14) .
In the last 10 years, it has been recognized that, in addition to increasing vascular damage, diabetes compromises vascular repair (15) . Circulating, bone marrow (BM)-derived stem and progenitor cells, which are provided with vasculotrophic functions (16) , are reduced by ;40% in T2D (17) , and this is thought to contribute to cardiovascular risk (18) . This cellular population includes CD34-expressing circulating stem cells (CSCs), mostly of hematopoietic origin, and a subset coexpressing endothelial markers such as vascular endothelial growth factor receptor 2 [or kinase insert domain receptor (KDR)], which have been deemed endothelial progenitor cells (EPCs) (19) . In patients with T2D, a reduction in the levels of CSCs predicted adverse cardiovascular outcomes, defined as the 3-point MACE plus hospitalization for cardiovascular causes (20) . Other longitudinal studies have shown that patients with a reduction in the levels of CSCs or EPCs have a worse prognosis in terms of cardiovascular events, cardiovascular death, and all-cause mortality [meta-analyzed in Ref. (21) ]. Some therapeutic strategies proved able to stimulate CSCs or EPCs in T2D (22, 23) , although the clinical implications of such effect is unclear.
In this study, we tested the hypothesis that SGLT2i can increase CSCs and/or EPCs, which would represent a novel potential mechanism of cardiovascular protection by these drugs.
Materials and Methods
The study flowchart is depicted in Fig. 1 .
Effects of 12 weeks of dapagliflozin vs placebo
The NCT02327039 study was approved by the Ethical Committee of the University Hospital of Padova and conducted according to national and international standards. All procedures involving human subjects were carried out in accordance with the Declaration of Helsinki. A total of 33 patients with T2D were randomly assigned to receive dapagliflozin at 10 mg (n = 17) or matching placebo (n = 16) on top of their glucose-lowering medications for 12 weeks. Two patients in the dapagliflozin group were excluded because of withdrawn consent or were lost to follow-up, leaving 31 completers. The primary endpoint was the change from baseline in cholesterol efflux capacity. Study details and the primary results have already been published (24) . We herein report results of a secondary endpoint, that is, the change from baseline to 12 weeks in the levels of CSCs and EPCs, quantified by flow cytometry (see below).
Briefly, inclusion criteria were: females or males aged 18 to 75 years, diagnosis of T2D at least 6 months earlier, and underlying therapy with oral glucose-lowering medications and/or insulin. Exclusion criteria were: acute illness or infection; recent surgery, trauma, or cardiovascular event; recent variation of statin therapy/dose; alcoholism; very high baseline high-density lipoprotein (HDL) cholesterol levels (.90 mg/dL); previous history of recurrent urinary tract infections or genital infections; history of hypotension or episodes of volume depletion/dehydration; chronic kidney disease (estimated glomerular filtration rate ,60 mL/min/ 1.73 mq); chronic liver disease; HF New York Heart Association classes III to IV; ongoing treatment with pioglitazone or GLP-1 receptor agonists; and pregnancy or lactation. All patients provided written informed consent.
Open-label extension
As an extension of the NCT02327039 study, after the 12-week blinded period, patients on open-label treatment with or without dapagliflozin were followed until the last available visit and CSC/EPC levels were measured again.
Effects of 12 weeks of open-label empagliflozin
To gather insight into the effects of another SGLT2i, we included an additional equal number (n = 15) of patients with T2D who were scheduled to receive empagliflozin at 10 mg in association with metformin and/or insulin, which were the combinations allowed by the Italian National Health Care System for reimbursement. Other inclusion/exclusion criteria were the same as in the placebo-controlled trial with dapagliflozin (NCT02327039). Before and 12 weeks after initiation of empagliflozin, blood samples were collected for the determination of CSCs and EPCs.
Flow cytometry
CSCs and EPCs were measured as previously described (25) . Briefly, EDTA-anticoagulated blood samples collected from an antecubital vein in the fasting state were freshly analyzed within 2 hours. After red blood cell lysis, cells were stained with a fluorescein isothiocyanate-conjugated anti-human CD34 antibody (Becton Dickinson) and a PE-conjugated anti-human KDR/vascular endothelial growth factor receptor 2. A total of 5 3 10 5 cells were acquired on a FACSCanto II (BD Biosciences). We first gated mononuclear cells in the side light scatter area vs forward light scatter area plot and then examined the resulting population for the expression of CD34 (CSCs) and dual expression of CD34 and KDR (EPCs). The number of positive events was expressed relative to 10 6 total events. To assess reproducibility, the level of CD34 + CSCs was determined in triplicate using different fluorochromes: the average coefficient of variation was 10.7%, implying good reproducibility.
Quantification of erythropoietin concentrations
An ELISA (EBMS2035, Thermo Fisher Scientific) was used for the quantitative detection of human erythropoietin (EPO) in EDTA-anticoagulated plasma samples of patients treated with dapagliflozin (randomized and extension period) or empagliflozin.
Statistical analysis
Data were expressed as mean 6 SE, or as percentage where appropriate. Nonnormal continuous variables were log transformed before statistical analysis. Comparisons between two groups were analyzed using the two-tailed unpaired Student t test for continuous variables and the x 2 test for categorical variables. For study endpoints, we compared baseline with follow-up data using the two-tailed paired Student t test and calculated the change from baseline. Then, the changes from baseline in each group were compared using the two-tailed unpaired Student t test. Linear correlations were analyzed using the Pearson r coefficient. Statistical significance was accepted at P , 0.05.
Results

Effects of dapagliflozin on stem/progenitor cells in 12 weeks
The baseline characteristics of patients enrolled in the NCT02327039 trial have already been described in detail (24) and are not reported here to avoid duplication. After 12 weeks, dapagliflozin reduced HbA1c by 0.9%, body weight by 3.1 kg, and systolic blood pressure by 4.7 mm Hg. No significant change was detected in lipid parameters and cholesterol efflux capacity (24) .
In this study, we examined whether therapy with dapagliflozin vs placebo modified the levels of CSCs and EPCs. Compared with baseline, CD34 + CSCs declined nonsignificantly during therapy with dapagliflozin (from 321.8 6 26.5/10 6 to 270.8 6 29.3/10 6 ; P = 0.13) and remained stable in the placebo group (from 328.3 6 29.4/10 6 to 332.4 6 28.8/10 6 ; P = 0.89; Fig. 2A ). The change from baseline in the two groups was not significantly different (251.0 6 32.0/10 6 in the dapagliflozin group vs 4.1 6 28.5/10 6 in the placebo group; P = 0.21; Fig. 2B ). CD34 + KDR + EPCs declined nonsignificantly during therapy with dapagliflozin (from 13.8 6 2.2/10 6 to 8.7 6
1.9/10 6 ; P = 0.11) and increased nonsignificantly during therapy with placebo (from 10.5 6 1.9/10 6 to 15.9 6 3.1/ 10 6 ; P = 0.19; Fig. 2C ). The change from baseline was significantly different between the two groups (25.1 6 3.0/10 6 in the dapagliflozin group vs 5.3 6 3.9/10 6 in the placebo group; P = 0.042; Fig. 2D ). Considering all patients irrespective of the assigned treatment (dapagliflozin or placebo), CSCs did not vary significantly from baseline to 12 weeks, but the change from baseline in CSC levels was inversely related to the change from baseline in HDL cholesterol (r = 20.47; P = 0.003) and ApoA1 concentrations (r = 20.34; P = 0.045), whereas they were directly correlated to the change from baseline in IL-6 (r = 0.43; P = 0.007).
Overall, EPC levels did not change in the entire study cohort and no correlation was detected between the change from baseline in EPC levels and the change in biochemical parameters, cytokines, or adipokine concentrations.
Effects of longer treatment with dapagliflozin on stem/progenitor cells
Because we detected no clear effect of dapagliflozin on CSCs and EPCs during a short time course, after conclusion of the 12-week blinded treatment, we prolonged the observation while patients were (n = 14) or were not (n = 17) on open-label dapagliflozin and repeated the quantification of stem/progenitor cells. During this extension period (median, 17.1 months or 74 weeks; interquartile range, 14.8 to 21.1 months), HbA1c remained stable in patients who were on dapagliflozin (from 7.3% 6 0.2% to 7.4% 6 0.2%; P = 0.68) and declined nonsignificantly in patients who were not on + KDR + EPC levels (C), and EPO concentrations (E) during treatment with dapagliflozin or placebo in the NCT02327039 trial and during the extension period. EPCs at the end of the extension period were significantly higher (*P , 0.05) vs levels at baseline and vs levels at 12 wk. The change from baseline in CSC levels (B), EPC levels (D), and EPO concentrations (F) is reported for the 12 wk of randomized treatment and for the extension period. *P , 0.05 for the indicated comparison. NS, not significant. dapagliflozon (from 8.6% 6 0.4% to 8.0% 6 0.6%; P = 0.122). CSCs increased nonsignificantly both in patients who were and in those who were not on dapagliflozin. CSC levels at the end of observation were not significantly different between the two groups and vs baseline in both groups ( Fig. 2A and 2B) .
During the extension period, EPCs increased significantly in patients who received dapagliflozin and nonsignificantly in patients who did not receive dapagliflozin. EPC levels at the end of observation were not significantly different between the two groups and vs baseline in both groups ( Fig. 2C and 2D) .
When the time course of CSCs and EPCs was examined over the blinded plus extension period for the entire cohort, irrespective of whether patients did or did not receive dapagliflozin, EPC levels increased significantly at the end of observation compared with baseline and compared with the end of the blinded period (Fig. 3) .
Effects of empagliflozin on stem/progenitor cells in 12 weeks
Because we did not detect significant effects of dapagliflozin on CPCs and EPCs in the 12-week placebocontrolled trial and during open-label extension, we evaluated whether a different SGLT2i would exert different effects. Thus, we quantified CSCs and EPCs at baseline and at 12 weeks in patients who were scheduled to receive empagliflozin at 10 mg in association with metformin and/or insulin. Table 1 EPCs remained stable (from 11.0 6 1.8/10 6 to 11.5 6 1.5/10 6 , P = 0.82: Fig. 4B ).
Because a trend toward reduction of CSCs from baseline to 12 weeks was noted during treatment with both dapagliflozin and empagliflozin, we performed a pooled analysis: CSC levels in patients treated for 12 weeks with dapagliflozin or empagliflozin declined from 304.0 6 20.9/10 6 to 249.3 6 21.5/10 6 , a difference that was still not statistically significant (P = 0.052; Fig. 4D ). EPCs declined nonsignificantly from 12.1 6 1.4/10 6 to 10.0 6 1.3/10 6 ; P = 0.18 (Fig. 4E) .
Concentrations of EPO did not change significantly during the 12-week period treatment with dapagliflozin nor during the extension period ( Fig. 2E and 2F ). However, in the pooled analysis of patients treated with dapagliflozin or empagliflozin for 12 weeks, we found a significant increase in EPO concentrations ( Fig. 4C  and 4F ).
Discussion
Reduction in the levels of CSCs and EPCs is a consistent observation in people with T2D, and there is a consensus that this defect contributes to the development of chronic complications (26) . In particular, low CSCs have been shown to predict onset or worsening of microangiopathy and future adverse cardiovascular outcomes (20, 27) . Two cardiovascular outcome trials and one cohort study demonstrate that SGLT2is as a class reduce the risk of cardiovascular events in patients with T2D and high cardiovascular risk (4, 5, 9) . Despite several theoretical and experimental attempts to explain such striking cardiovascular protection exerted by SGLT2is, we still have a poor understanding of the potential mechanisms at work.
Therefore, it was reasonable to test whether SGLT2is exerted beneficial effects on stem/progenitor cells, which are considered both biomarkers and actors in the pathogenesis of chronic diabetic complications. Our data reasonably rule out that SGLT2is can directly increase CSCs or EPCs. We first quantified CSCs and EPCs during a 12-week randomized placebo-controlled trial of dapagliflozin treatment. After having shown no significant effect of dapagliflozin vs placebo on CSCs and EPCs during this short time course, we took two additional strategies. First, we evaluated the effectiveness of an alternative SGLT2i, empagliflozin, for which more robust data on cardiovascular protection were available. Again, a 12-week treatment with empagliflozin did not significantly change CSC or EPC levels. Second, we prolonged the observation of patients treated with dapagliflozin for almost 1.5 years. We found that, with much longer observation and a stable HbA1c decline, EPCs were significantly increased compared with baseline and compared with the end of the initial 12-week period. However, a more modest increase was also noted in patients who did not receive dapagliflozin and yet experienced a modest decline in HbA1c. Therefore, such an increase in EPC levels is unlikely to be attributable to SGLT2is per se, but more likely mediated by the improved glucose control. Indeed, we previously observed a quite similar trend in patients with poorly controlled T2D undergoing optimization of glucose control by addon basal insulin: despite that HbA1c declined within the first 3 months, EPCs did not change, and at least 6 months of good glycemic control was needed to raise EPC levels (28) . This concept is further supported, in the current study, by the observation that, irrespective of therapy, EPCs increased as HbA1c declined during the extension period, supporting that an improvement in glucose control takes time to modulate EPC levels. Nonetheless, we explored an alternative explanation. In a reanalysis of the EMPA-REG Outcome trial (29) , change from baseline in hematocrit mediated .50% of the effect of empagliflozin vs placebo on the risk of cardiovascular death. Because EPO regulates both erythropoiesis and stem/progenitor cells (30), we quantified EPO levels. Although EPO levels increased during a 12-week treatment with SGLT2i (pooled analysis), no increase occurred during the extension period, thereby ruling out a direct relationship between EPO and EPC increase.
The scenario presented in the present study seems opposite to that observed with dipeptidyl peptidase-4 inhibitors (DPP4is) (22) . By protecting SDF-1a from enzymatic degradation, DPP4is raise active SDF-1a concentrations, which in turn recruits EPCs into the circulation (31) . This effect has been consistently demonstrated for sitagliptin, linagliptin, and vildagliptin, occurs in just a few days, persists over time, and is independent from glucose control (32) (33) (34) . Intriguingly, although reductions in CSCs and EPCs predict future cardiovascular events (20, 21) , drugs that stimulate these cells (DPP4is) have failed to show cardiovascular benefits in large placebo-controlled trials (35) (36) (37) . Alternatively, drugs that have been consistently shown to convey cardiovascular protection (SGLT2is) (4, 5) do not appear to directly stimulate CSCs and EPCs. Overall, this observation may question the hypothesis that reduction in stem/progenitor cells is a modifiable risk factor or, in other terms, that increasing CSCs/EPCs reduces the patient's cardiovascular risk. In recent years, it has been clarified that pauperization of CSCs in diabetes results from structural and functional alterations of the BM, including microangiopathy, neuropathy, and inflammation (26, 38) . Therefore, only therapies targeting such BM alterations may result in a stable reversal of the CSC defect and eventually modify the patient's outcomes. This may explain why glucose control takes time to raise EPCs.
Despite these speculations, note that the ability of SGLT2is to improve cardiovascular outcomes in large trials was mostly attributable to a strong protection against HF (39, 40) . Although low CSC counts have been shown to predict mortality in patients with HF (41) , no study has clearly demonstrated whether stem/progenitor cell levels also predict onset of HF. Unexpectedly, in patients who received either dapagliflozin or empagliflozin, CSCs tended to decline from baseline to week 12, and the pooled analysis of the two patient groups yielded a nearly significant result. Based on available longitudinal studies (20, 21) , this finding would paradoxically imply an increase in the rate of MACEs and it is also difficult to interpret in relationship to HF risk, because a biphasic association has been described between HF and CSC levels, with CSC increase in the early stages and CSC decline in the later stages of HF (42, 43) . Finally, a clear signal has emerged that the SGLT2i canagliflozin may increase the risk of amputation (5, 44, 45) . Although we did not evaluated canagliflozin in the current study, it is possible that reduction in CSCs during therapy with SGLT2i contributed to an eventual worsening of diabetic foot (46, 47) , thereby leading to amputation. Results of our study need to be interpreted in view of some limitations. Although sample size was relatively small, we have previously demonstrated the stimulatory effects of DPP4i on EPCs with similar numbers of patients (34) . Based on the pooled analysis of patients receiving dapagliflozin or empagliflozin for 12 weeks, and assuming that the observed CSC reduction of about 50 cells/10 6 persisted with more observations, we calculate that a total of 250 patients would be needed to reach statistical significance with 80% power. In other terms, although the observed CSC reduction of 50 cells/10 6 was nearly significant, power calculated a posteriori was ;15%. Thus, from a statistical viewpoint, the apparent reduction in CSCs during therapy with SGLT2is is likely to be a chance effect. Rather, during the 12-week period, CSCs appeared to change irrespectively of therapy and in relationship to HDL and IL-6. This is consistent with the notion that HDL particles regulate stem cell kinetics and inflammatory myelopoiesis (48, 49) . Furthermore, we recognize that empagliflozin treatment was not randomized and that associated therapies were different from those in the dapagliflozin trial. Despite the use of DPP4i, which stimulates EPCs (22) , was more common in association with dapagliflozin than with empagliflozin (Table 1) , and this unlikely affected results, as neither SGLT2i increased EPCs. Similarly, although a history of cardiovascular disease can affect EPCs (50), the different distribution of macroangiopathies in the two groups can hardly explain why SGLT2is did not increase EPCs.
In conclusion, we found no evidence that SGLT2is can directly improve stem/progenitor cell levels in T2D. Thus, cardiovascular protection elicited by SGLT2is should be mediated by other mechanisms. Comparatively, based on the highly consistent observation that DPP4is increase EPCs but do not improve cardiovascular outcomes, we speculate that simply increasing progenitor cells in the blood without counteracting adverse BM remodeling may be insufficient to improve clinically relevant outcome.
